H eme oxygenase (HO) is the rate-limiting enzyme in the degradation of heme to biliverdin and subsequently to bilirubin. The reaction catalyzed by HO is the major source of carbon monoxide (CO) in the body, which is increasingly recognized as a physiologically important molecule rather than a toxic waste product. 1 There are 3 known isoforms of HO. HO-1 is inducible, 2 whereas HO-2 and HO-3 are constitutively expressed. 3, 4 HO-3 is highly homologous to HO-2 but has not been characterized fully. HO-2 is the predominant form expressed in the central nervous system, where CO is thought to act as a neurotransmitter via the soluble guanylate cyclase/cGMP pathway. 5 HO-1, the inducible form of the enzyme, is highly expressed in erythropoietic tissues, where its function is heme degradation, but it is also expressed in vascular smooth muscle cells (SMCs), 6 where its role may include regulation of vascular tone. Several lines of investigation provide evidence that CO may be a physiological regulator of cellular interactions in the vasculature, acting as a direct and indirect vasodilator; directly, CO acts via activation of soluble guanylate cyclase and elevation of cGMP, as in rat aortic and coronary vascular SMC preparations 6, 7 as well as in dog femoral, carotid, and coronary arteries. 8 Indirectly, SMC-derived CO may cause SMC relaxation by inhibiting the hypoxic induction of the vasoconstrictors endothelin-1 (ET-1) and platelet-derived growth factor-B (PDGF-B) in adjacent endothelial cells. 9 In addition to its vasodilatory actions, CO was shown to inhibit SMC proliferation by regulating the cell cycle-specific transcription factor E2F-1, 10 as well as the expression of the mitogens ET-1 and PDGF-BB in culture. 9 A variety of cellular stressors, such as heat shock, oxidative stress, heavy metals, and hemoproteins, induce HO-1. [11] [12] [13] Therefore, a protective/antioxidant role has been proposed for HO-1, as well as its enzymatic product, bilirubin. 14 We found that SMC HO-1 is also induced by hypoxia in vitro in a time-dependent fashion with an initial 6-fold induction of mRNA at 12 hours of exposure followed by return to baseline by 48 hours of continued hypoxic exposure. This induction is accompanied by increased HO-1 activity and cGMP concentrations in vitro. 6 In the rat model of chronic hypoxia, there is a sustained induction of vasoconstrictors such as ET-1 15 and angiotensin II, 16 and although increased production of the vasodilator nitric oxide has been reported, 17, 18 the net balance of these agents favors active vasoconstriction and wall remodeling. We speculated that HO-1 may be transiently induced by hypoxia in the lung, representing an endogenous adaptive response and that because of its transient nature, this response is ineffective in counteracting the actions of other mediators that are persistently induced under hypoxic conditions. We thus hypothesized that sustained induction of HO-1 in the setting of hypoxia may alter this balance and prevent or ameliorate the development of pulmonary hypertension. We report here that treatment of rats with the HO-1 inducers NiCl 2 and hemin caused a sustained increased expression of HO-1 in the lung and inhibited the development of structural remodeling and pulmonary hypertension by chronic hypoxia.
Materials and Methods

Hypoxic Exposure and Treatment With NiCl 2 or Hemin
Adult virus-free male Sprague-Dawley rats weighing 350 to 375 g were instrumented (Zivic Miller) and transported to our animal care facility with right ventricular and aortic catheters in place. They were then exposed to normobaric hypoxia (10% oxygen environment) in a ventilated Plexiglas box for 1 week. Age-and weight-matched control rats were maintained in 21% oxygen in the same virus-free room. Four to eight animals were studied in each group. To establish the hypoxic conditions, the chamber was flushed with a gas mixture of room air and nitrogen from a liquid nitrogen reservoir as previously described. 19 The chamber was opened every 2 days for 30 minutes to clean the cages, replenish food, and water and flush right ventricular and aortic catheters. The NiCl 2 -treated animals were given subcutaneous injections of 250 mmol/kg of NiCl 2 in normal saline every 48 hours, whereas the control animals were injected with the same volume of saline alone. These doses were chosen after preliminary studies showed that they were effective in inducing HO-1 (data not shown). The hemin-treated animals were given intraperitoneal injections of 15 mg/kg of hemin in DMSO every 48 hours. The animals were subsequently subjected to hemodynamic measurements and then euthanized with intraperitoneal pentobarbital (75 mg/kg). Their lungs were harvested for Northern and Western analyses and histological studies. As we previously described, 19 the left mainstem bronchus was ligated and the left lung was excised, flash-frozen in liquid nitrogen, and stored at Ϫ80°C until RNA or protein extraction. The pulmonary artery was infused with normal saline to clear the blood from the pulmonary vessels. For histological analysis, the pulmonary veins were subsequently ligated, and the pulmonary artery and trachea were perfused with 4% paraformaldehyde at constant pressure (100 cm H 2 O for the pulmonary artery and 25 cm H 2 O for the trachea) to fully distend the pulmonary blood vessels and airway, respectively. Peripheral lung specimens were then excised, fixed in 4% paraformaldehyde, paraffin-embedded, and sectioned for morphometric analysis of pulmonary arterioles. All animal experiments were performed in accordance with National Institutes of Health (NIH) guidelines and were approved by the institutional standing committee on animals.
Northern Analysis
Total lung RNA was isolated by guanidinium isothiocyanate extraction as previously reported, 20 fractionated by formaldehyde gel electrophoresis, and transferred onto Duralose UV membranes (Stratagene). Fifteen micrograms of total RNA was loaded in each lane. The filters were hybridized with HO-1 and ET-1 cDNA probes specific for the rat HO-1 gene 6 and the rat ET-1 gene. 9 The mouse ␤-actin gene 21 was used for normalization of RNA loading. Hybridization and washes were performed using standard conditions. 19 For quantification, the autoradiographs were scanned using a Phosphor Imager analyzer (Molecular Dynamics).
Western Analysis
Frozen lung tissue was homogenized in lysis buffer (containing, in mmol/L, NaCl 150, Tris [pH 7.5] 30, and PMSF 1; 0.25 mol/L sucrose; 5 g/mL leupeptin; and 1.9 g/mL aprotinin), and protein concentrations were determined with a dye-binding assay (Bio-Rad) using BSA as standard. Fifty micrograms of total lung protein were prepared in sample buffer and boiled at 95°C for 5 minutes. Samples were subjected to electrophoresis in a 12% SDS polyacrylamide gel for 1 hour at 25 mA. The gel was transferred electrophoretically onto polyvinylidene difluoride membranes (Millipore Corp), and Western blotting was performed using primary rabbit polyclonal antibody against rat HO-1 (1:1000 dilution) purchased from StressGen. For detection of signal, we used an enhanced chemiluminescence detection kit from Amersham, and for quantification, we used Fotolook and NIH Image Software programs.
Hemodynamic Measurements
Hemodynamic measurements were performed at the end of the experimental period of 1 week in conscious rats. Systolic and mean right ventricular pressure (RVP) and mean arterial blood pressure (MAP) were continuously recorded for 2 minutes using MacLab monitoring equipment from CB Sciences, Inc. Results are reported in mm Hg. The position of the catheters was confirmed after the animals were euthanized.
Morphometric Analysis
Six-micrometer lung sections were stained with hematoxylin and eosin and examined with light microscopy. At least 5 representative pulmonary arterioles chosen from 3 different sections from each animal were independently examined by 2 of the investigators (H.C. and B.A.), who were not aware of the origin of the lung sections. The images of the arterioles were captured and analyzed using NIH Image software. 22 Blood vessels were identified according to the accompanying airway, and intra-acinar vessels were chosen. Percentage medial thickness was determined by dividing the area occupied by the medial muscular layer by the total cross-sectional area of the arteriole. This method was used to account for uneven medial thickness and areas that had obliquely sectioned pulmonary arterioles.
Measurement of Circulating cGMP Concentrations
Blood specimens were collected in EDTA tubes and centrifuged, and plasma was separated and stored at -80°C until assayed. Amprep SAX minicolumns were used to extract cGMP from plasma samples, and plasma cGMP concentrations were measured in a single batch by radioimmunoassay (Amersham) as previously described. 23 The sensitivity of the assay was 0.5 fmol/tube, and the antibody crossreacted fully with cGMP and Ͻ0.001% with other adenosine or guanosine phosphates. Intra-assay coefficient of variation was 5%. cGMP concentrations are expressed as pmol/L.
Statistical Methods
The nonparametric ANOVA (Kruskal-Wallis) test and Dunn multiple-comparisons tests were used to compare median values among groups, respectively, and differences were considered significant if PϽ0.05.
Results
In Vivo Induction of HO-1 mRNA and Protein in the Lung
We first examined whether hypoxia regulates HO-1 expression in vivo as it does in vitro. Similar to our in vitro observations in cultured SMCs, 6 lung HO-1 mRNA was transiently induced by hypoxia in vivo but to a much lesser degree (2-to 3-fold in total lung versus 7-fold induction in cultured SMCs). After exposure of rats to hypoxia, we found that lung HO-1 mRNA levels increased 2-to 3-fold at 9 hours of hypoxia and returned to almost basal levels by 48 hours of hypoxic exposure ( Figure 1A) . In preliminary experiments, we used a number of known HO-1 agonists 24 -26 at various concentrations to assess their effectiveness in inducing and sustaining high levels of HO-1 mRNA in the lung in vivo. After treatment of animals with NiCl 2 (250 mmol/kg every 48 hours) or hemin (15 mg/kg every 48 hours), we found a mild induction of HO-1 mRNA in the lung after 48 hours (1.4-to 2.3-fold; data not shown). We found a more marked increase (average of 3-fold above baseline) after 1 week of treatment with these inducers under hypoxia ( Figure 1B ). This corre-
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lated with a 4-to 5-fold induction of HO-1 protein levels in the lungs of hypoxic animals treated with NiCl 2 or hemin compared with the normoxic controls ( Figure 1C ). As expected, HO-1 protein levels in the lung had returned to baseline after 1 week of hypoxic exposure in the absence of NiCl 2 or hemin treatment ( Figure 1C ).
Prevention of Hypoxia-Induced Pulmonary Hypertension
We measured RVP as an indicator of pulmonary artery pressure in conscious rats. Systolic RVP in normoxic rats was 7.5Ϯ2.1 mm Hg (meanϮSEM, nϭ5) ( Figure 2A ). As expected, the hypoxic animals developed pulmonary hypertension after 1 week of exposure to 10% oxygen. Their systolic RVP was 39.7Ϯ9.8 mm Hg (meanϮSEM, nϭ5), which was significantly higher than that of the normoxic controls (Pϭ0.0071). In contrast, the hypoxic animals treated with NiCl 2 did not develop pulmonary hypertension after 1 week of hypoxic exposure. Their systolic RVP was 10.5Ϯ3 mm Hg (meanϮSEM, nϭ4), which was not statistically different from the normoxic controls.
Effect of HO-1 Induction on Systemic Circulation
To determine whether the effect of HO-1 induction was restricted to the pulmonary circulation or affected the systemic circulation, we measured MAP in conscious rats. MAP was not significantly affected by a 1-week exposure to hypoxia (128.2Ϯ4.9 mm Hg in normoxia versus 131Ϯ6.1 mm Hg in hypoxia, PϾ0.05, nϭ5 per group). Treatment with NiCl 2 in the setting of hypoxia led to a small but significant reduction in MAP (108.6Ϯ6.6 mm Hg, PϽ0.05, nϭ5) ( Figure 2B ). Treatment of normoxic animals with NiCl 2 did not affect MAP significantly (120.2Ϯ2.3 mm Hg, nϭ5).
Prevention of Pulmonary Vascular Remodeling
Increased thickness of pulmonary arterioles due to SMC hypertrophy and hyperplasia is the structural hallmark of pulmonary hypertension. 27 As shown in Figure 3A , pulmonary arterioles in normoxic animals were thin, whereas after 1 week of hypoxic exposure they developed increased medial thickness characteristic of pulmonary hypertension ( Figure 3B ). In contrast, the hypoxic animals treated with NiCl 2 ( Figure 3C ) or hemin ( Figure  3D ) had markedly reduced vascular remodeling and the medial thickness of their pulmonary arterioles was comparable with that of normoxic controls. Quantification of these structural changes in several lung sections of all of the animals exposed to the 3 different conditions revealed significantly increased medial thickness of pulmonary arterioles in hypoxic animals compared with normoxic controls (49% versus 26%, PϽ0.05), but essentially unchanged from baseline normoxic medial thickness in the hypoxic animals treated with NiCl 2 (26% versus 36%; NS) ( Figure 4 ).
Effect of HO-1 Induction in Circulating Concentrations of cGMP
CO is known to activate guanylyl cyclase and increase cGMP levels in SMCs. 6 cGMP in turn mediates CO-induced effects such as vasodilation and inhibition of ET-1, PDGF-B, and E2F-1 transcription. 9, 10 To determine whether treatment with HO-1 inducers leads to increased levels of biologically active CO, we measured circulating cGMP concentrations in the animals. We found that treatment with NiCl 2 led to significantly higher circulating cGMP concentrations compared with control animals under normoxia (26.2 versus 8.7 pmol/mL, respectively, PϽ0.05) ( Figure 5 ). In the hypoxic setting, treatment with NiCl 2 also increased circulating cGMP levels, but the difference did not reach statistical significance compared with hypoxic controls (15.5 versus 9.3 pmol/mL, respectively, PϾ0.05). There was no difference in cGMP levels between normoxic and hypoxic animals (8.7 versus 9.3 pmol/mL, respectively, PϾ0.05).
Discussion
Regulation of pulmonary vascular tone and homeostasis involves a number of vasoconstrictors, relaxing agents, and growth factors that are released from different cell types in the vasculature and interact through feedback loops. Hypoxia is known to regulate these cellular interactions mainly by modifying gene expression. 28 In culture, hypoxia induces the expression of vasoconstrictors such as ET-1 and PDGF-B 21,29 
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and inhibits the production of the vasodilator NO via inhibition of NO synthase gene expression. 30 Hypoxia thus may shift the balance of vasoactive mediators toward agents promoting vasoconstriction and structural remodeling, as seen in pulmonary hypertension. In this study, we found that HO-1, which catalyzes the production of CO and bilirubin, is transiently induced by hypoxia in the lung in vivo. We demonstrated that treatment with NiCl 2 or hemin, each of which is an inducer of HO-1, enhanced and sustained high levels of HO-1 expression in the lung and led to increased HO enzymatic activity with increased levels of circulating cGMP. In the hypoxic setting, these inducers protected rats from developing pulmonary hypertension and prevented the accompanying structural remodeling of pulmonary arterioles. An earlier study by Sacerdoti et al, 31 using tin to induce HO, prevented the development of systemic hypertension in spontaneously hypertensive rats. The mechanism(s) implicated in that study included depletion of heme, the substrate of HO, resulting in decreased hemoproteins such as renal cytochrome P-450 and reduced free arachidonic acid metabolites that have prohypertensive properties. It is possible that increased levels of CO, the enzymatic product of HO, may have also contributed to the reduction in blood pressure in that animal model. The mechanism(s) by which sustained HO-1 expression prevented hypoxic pulmonary hypertension remain to be elucidated. These may include direct vasodilatory and antiproliferative effects of CO, the product of HO-1, as well as antioxidant properties of bilirubin, also released from the breakdown of heme by HO-1. It is likely that reactive oxygen species may contribute to the pathogenesis of hypoxic pulmonary hypertension and bilirubin may limit this process. Indeed, the antioxidant activity of bilirubin is significantly enhanced under low oxygen conditions (2% O 2 ) compared with that at 20% O 2 . 14 Alternatively, the increased local production of CO in the lung may lead to increased lung cGMP levels, which are known to mediate the vasodilator and antiproliferative effects of CO. In our in vitro studies, CO/cGMP was shown to inhibit the cell cycle-specific transcription factor E2F-1; to reduce SMC proliferation in culture 10 ; and to suppress the hypoxic induction of ET-1, PDGF-B, and vascular endothelial growth factor by endothelial cells. 9,32 CO interferes with cell cycle progression directly at the G 1 /S phase via its effect on E2F-1 transcription, as well as indirectly at the G 0 /G 1 phase via its effect on mitogen transcription (ET-1 and PDGF-B). Similar mechanisms may limit medial SMC hyperplasia in vivo.
We found increased circulating cGMP levels in response to treatment with HO-1 inducers under normoxia, demonstrating that the increase in HO-1 protein resulted in enhanced biologic activity. A suppression of the NO pathway may explain the absence of a more dramatic increase in cGMP levels under hypoxia when HO-1 inducers were used. Indeed, endothelial cell-derived NO is the molecule classically described to control cGMP content in the vasculature under basal conditions. In cases of vascular injury such as pulmonary hypertension, endothelial cell-derived NO production may be reduced, 33, 34 leading to decreased cGMP. 23 We speculate that vascular SMC-derived CO may represent a compensatory response of the vasculature during hypoxia when NO production is suppressed. NO and CO share common properties of vasodilation and have been reported to inhibit SMC growth as well as to regulate gene expression. Both were shown to inhibit the DNA-binding activity of hypoxia-inducible factor-1, 32,35 a key transcription factor in the hypoxic signaling pathway. It is thus reasonable to speculate that a critical balance of NO and CO is required for the maintenance of vascular tone and vessel wall integrity under physiological as well as pathophysiological conditions of hypoxia. The unraveling of the molecular mechanisms underlying hypoxia-induced vascular changes is likely to lead to the development of novel approaches in the management of disorders characterized by abnormal pulmonary vascular tone and structure such as pulmonary hypertension. 
